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INTRODUCTION

1
The expression "raw earth" (translated from the French "terre crue") describes a construction 2 material consisting of a mix of soil and water subjected to the least possible transformation before 3 being put in place. Depending on the adopted building design, the use of raw earth can reduce 4 energy consumption during construction but also during operation of buildings by cutting down air 5 conditioning. Because of its hydrophilic nature, raw earth exhibits a strong tendency to absorb or 6 release moisture, and therefore to emit or store latent heat, depending on the current levels of 7 ambient humidity. This characteristic helps to smooth out the variation of relative humidity and Unfortunately, the hydrophilic nature of raw earth is also the cause of its poor resistance against The purpose of this study is to identify a stabilisation method that can balance the different material 23 requirements in terms of water durability, moisture buffering capacity, stiffness and strength. The effect of stabilisation method on the embodied energy of the material is not assessed in the present 1 work. Therefore, the environmental impact of the relatively small amounts of stabilising additives 2 used in this study will be the object of future research.
3
MATERIAL AND METHODS
4
The soil used in the present work has been provided by a brickwork factory from the region of 5 Toulouse (France). Table 1 summarises the main properties of the tested soil. In particular, grain 6 size distribution and plasticity properties satisfy existing recommendations (e.g. MOPT, 1992; 7 CRATerre -EAG, 1998; AFNOR 2001) for raw earth construction as discussed by Bruno (2016). Clay activity, defined as the ratio between the plasticity index and the clay fraction, is equal to 0.79.
10
This classifies the clay fraction as normally active (Skempton, 1953) of all stabilising additives considered in this work.
NaOH is highly soluble in water and produces only a slight increase in viscosity of the solution 11 compared to pure water, which means a negligible change of the dry density of the compacted earth.
12
On the contrary, the silane-siloxane emulsion is not soluble in water and marginally increases liquid 13 viscosity, which results in a slight reduction of the dry density of the compacted earth. In fact,
14
silane-siloxane stabilised samples exhibited an average dry density of 2250 kg/m 3 that is about 1% 15 lower than that of unstabilised and NaOH stabilised samples.
16
After compaction, all samples were equalised to the atmosphere of the laboratory for two weeks and Based on the results of these preliminary tests, the following three stabilising liquid additives were 
12
EFFECT OF STABILISATION ON MECHANICAL PROPERTIES
13
The previous campaign of immersion tests indicates that stabilisation by both alkaline activation 14 and silane-siloxane admixture can considerably improve the durability of raw earth against water erosion. It is now important to investigate the collateral effects of these stabilisation methods on the 1 mechanical behaviour of the material at different ambient humidity levels.
2
To investigate these aspects, five sets of four cylindrical samples (i.e. one unstabilised sample and 3 three stabilised samples with the chosen three liquid additives) were equalised inside a climatic 4 chamber at five relative humidity levels of 95%, 77%, 62%, 44% and 25% under a temperature of 5 25 °C. After equalisation, each sample was subjected to a sequence of five unconfined loading-6 unloading cycles with a constant pressure rate of 5 kPa/s to determine the secant Young's modulus.
7
Cycles were performed between one ninth and one third of the compressive strength, which was 8 previously estimated as the average value from two samples equalised at a temperature of 25 °C and 9 a humidity of 62%. The adoption of a constant pressure rate, rather than a constant displacement 10 rate, is preferable during loading-unloading cycles because it avoids the application of significantly 11 different stress rates between the loading and unloading stages.
12
The observed response was prevalently elasto-plastic during loading but close to elastic during top and bottom plates of the press before these were placed in contact with the sample extremities.
20
After the loading-unloading cycles, all samples were loaded to failure with a constant displacement 21 rate of 0.001 mm/s. The change from stress-to strain-controlled loading is justified by the necessity 22 of measuring the entire deformation curve, including the post-peak portion until ultimate failure. The measured values of stiffness and strength were related to the total suction, ψ inside the sample, humidity, RH imposed during equalisation:
where R is the universal gas constant and Vm is the molar volume of water. Overall, the additives used in the present work appear to have a stabilising effect with respect to 1 durability during water immersion but an opposite "unstabilising" effect as far as stiffness and 2 strength are concerned. This is because the additives tend to inhibit the inter-particle bonding includes the silane-siloxane emulsion. This is due to the hydrophobic nature of this emulsion, which 7 modifies the wettability of the solid grains thus disrupting the formation of stabilising capillary 8 lenses at inter-particle contacts.
9
Preliminary results from X-ray diffraction experiments currently being performed by the authors
10
(not presented in this paper) seem also to indicate the formation of a cementing zeolite fraction in 11 the samples stabilised with the NaOH solution but not in the samples stabilised with additives 12 including the silane-silxane emulsion.
13
The reduced sensitivity of stabilised samples to variations of suction and ambient humidity is 14 further investigated in the next section in terms of their moisture buffering capacity.
15
EFFECT OF STABILISATION ON MOISTURE BUFFERING CAPACITY
16
The effect of stabilisation on the ability of the material to buffer ambient humidity was explored by pans, which means that only the top and lateral surfaces of the cylinders were exposed to the 12 atmosphere of the climatic chamber. The total exposed surface was about 0.018 m 2 , which is 
Results are typically presented as time curves of moisture adsorption, which is defined as the ratio 17 between the change of sample mass (i.e. the difference between current and initial mass) and the 18 exposed surface. The exposed surface was calculated from the average values of samples height and 19 diameter measured both after initial equalisation (RH= 53%) and at the end of the first humidity 20 step (RH= 75%). This assures that any small change of sample dimensions owed to swelling upon 21 wetting is taken into account. 
where ∆m is the variation of sample mass induced by the change in relative humidity, S is the 5 exposed surface and ∆%RH is the difference between the extremes of the relative humidity cycle.
6
The calculated MBVs are plotted in Figure 6 together with the classification proposed by Rode et 
Suction test 8
Suction tests investigate the durability of earth bricks when exposed to a temporary excess of water.
9
This condition might occur, for example, in exterior timber-frame walls during driving rains with 10 water collecting between the wooden frame and the earthen infill. Also, suction tests might
11
reproduce the effect of a capillary water rise from the foundation up into the walls of a building.
12
Three identical hypercompacted bricks were tested for each stabilisation method as well as for the 13 unstabilised case. Each brick was initially equalised inside the climatic chamber at a constant 14 temperature of 23 °C and relative humidity of 50% for a period of two weeks, which was long 15 enough to attain a constant mass.
16
A support consisting of a conventional fired brick covered by an absorbent cloth was placed inside a 
Contact test
5
The contact test simulates the application of a mortar joint or coating onto the bricks and assesses 6 the response of the earth to the adsorption of moisture from the applied material (DIN 18945, 2013).
7
The experimental procedure consisted in placing a wet cellulose cloth on the intermediate face of nuts. After 24 hours, the container was opened and, after removing the cellulose cloths, the bricks were exposed to the atmosphere inside the laboratory for a minimum of two days. Finally, the 1 bricks were visually examined to assess the presence of cracks and the occurrence of permanent 2 deformations caused by water infiltration.
3
Unlike the suction test, only one brick was tested for each stabilisation method as well as for the 4 unstabilised case. The observations at the end of the contact tests are presented in Figure 10 , which 5
shows that the bricks stabilised with the silane-siloxane emulsion exhibit less damages than the 6 other bricks. Nevertheless, all bricks showed some degree of cracking and permanent deformations. Table 4 shows the application of the classification of Table 3 to the results from each of the three 5 durability tests performed in this work. Note that, in Table 4 , it is assumed that the immersion tests 6 on cylindrical samples are also representative of the behaviour at the brick scale.
7 Table 4 . Classification of earth bricks tested in the present work As expected, the unstabilised earth bricks exhibit the worst classification and can only be employed be the most severe one leading to the conclusion that all bricks fall into the third class and are 8 therefore only suitable for dry applications.
9
CONCLUSIONS
10
The present paper investigates the use of different methods for the stabilisation of hypercompacted 
